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E-mail addresses: amini@sutech.ac.ir, ramini2002@Ti–41Ni–9Cu shape memory alloy was synthesized by mechanical alloying of pure elemental Ti, Ni, and
Cu powders using high-energy ball milling. The qualitative and quantitative phase analyses of the as-
milled powders were done by X-ray diffraction (XRD) using Rietveld reﬁnement and the alloys micro-
structure was studied by scanning electron microscopy (SEM) and high resolution transmission electron
microscopy (HRTEM). Concerning the results, by milling evolution, the dissolution of the primary mate-
rials occurred at different rates and a considerable amount of the amorphous phase as well as B190-mar-
tensite and B2-austenite was created. The formation of Ni solid solution was also evidenced prior to its
dissolution. It was found that at sufﬁcient milling time, the mechano-crystallization of the amorphous
phase occurred and at the end of milling, the B190-martensite is the dominant phase of the structure.
 2012 Elsevier B.V. All rights reserved.1. Introduction
Equiatomic NiTi-based intermetallic compounds are the most
important shape memory alloys (SMAs) which exhibit unique
properties such as superior shape memory effect (a large recover-
able strain up to 8%), favorable pseudoelasticity, excellent corro-
sion resistance, good biocompatibility, and appropriate
mechanical properties [1]. Accordingly, these smart materials are
widely used in different ﬁelds [2] like medical [3,4], dental [5],
aerospace, microelectronics, and constructional applications [1–3].
Regularly, NiTi can be crystallized in two different structures;
(1) the cubic structure, the high temperature austenite (B2) phase,
and (2) the monoclinic structure, the low temperature martensite
(B190) phase. In this alloying system, the shape memory effect
and superelasticity is attributed to the thermal and mechanical
transformation of the phases, respectively. The alloy composition,
thermomechanical treatment, ternary alloying elements addition,
and aging treatment can modify the transformation hysteresis
and frequently resulted in a two-stage transformation [6]. For in-
stance, by substituting 10 at.% Cu for Ni, the NiTi transforms in
two stages: (1) B2-to-B19 (orthorhombic phase) and (2) B19-to-
B190 [7,8].
In comparison to binary NiTi SMAs, TiNiCu alloys exhibit more
favorable properties such as small transformation hysteresis [1,7]
and higher corrosion resistance [7,9]. By addition of Cu to NiTi al-
loys, not only the composition sensitivity of the transformationll rights reserved.
gmail.com (R. Amini).temperature is reduced, but also the aging effect is avoided. The al-
loy will be transformed in one stage (i.e. B2-to-B19) provided that
the Cu-content exceeds 20 at.%. Under these conditions, due to
easy movement of interface during transformation, the transfor-
mation hysteresis is sufﬁciently small compared to B2-to-B190
transformation in binary NiTi alloys. This transformation with
small hysteresis is desirable to use in actuators [1,3,10] and sensors
[11]. However, exceeding Cu-content from 10 at.% makes the alloy
brittle and reduces its formability [7].
NiTi-based alloys can be produced by variety of methods
including vacuum induction melting [12–15], sputtering [16],
powder metallurgy [17–19], mechanical alloying (MA) [19–26],
and so on. MA is a simple and low cost solid state process suitable
for synthesizing the non-equilibrium states, including nanocrys-
tals, amorphous phases, and supersaturated solid solutions. During
MA, powder particles are subjected to severe plastic deformation
and high density of defects is generated, which promote extensive
atomic scale alloying far from equilibrium levels resulting in
abnormal phase transformation [27,28].
There have been limited studies in synthesizing the TiNiCu al-
loys from elemental powders by MA [20,21]. In these reports, the
amorphization process was studied and the composition range to
form the amorphous phase was found to be 10 < x < 30 for Ti50-
Ni50xCux system. However, no systematic reports are available
in the phase transformation of this alloying system during MA.
Moreover, the quantitative phase analysis (considering both crys-
talline and amorphous phases) has not been reported in the alloy-
ing system. In the present work, the Ti-41Ni-9Cu alloys were
synthesized by MA and subsequently the structural and micro-
Fig. 1. (a) XRD patterns of the as-milled powders as a function of milling time; (b) a comparison between the XRD pattern of 48 h and 96 h milled powders.
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main scopes of this study are the determination of the exact mech-
anism of the alloying process as well as the phase transformation
during the milling process. To achieve these aims, the qualitative
and quantitative phase analyses were performed on the alloyed
powders.2. Experimental procedure
High purity elemental titanium (>99%), nickel (>99.5%) and copper (>99.9%)
powders were mixed with the atomic ratio of 50:41:9 (44.56:44.79:10.65 wt.%)
and then mechanically alloyed in a planetary ball mill with tempered steel vials
(90 ml) and balls (5  20 mm and 7  10 mm) under argon atmosphere. The milling
was performed at room temperature with the speed of 450 rpm and the ball-to-
powder mass ratio of 20:1. The milling process is done in separate stages and pow-
der samples were taken at the end of each stage for structural and microstructural
analyses.
The evolution of particles morphology and size was studied by a scanning elec-
tron microscope (SEM, FEI, Nova Nanosem 430) and the phase constituent and
structural properties of the powders were studied by using powder X-ray diffrac-
tion (XRD, Pananalytical, X’pert Pro MPD) with the CuKa (k = 0.154 nm) radiations
at 40 kV and 40 mA at the step time of 0.03 s and step size of 0.03 in the 2h range of
20–80. The Rietveld reﬁnement was performed using the MAUD software package
version 2.26. A fundamental parameters approach was used for proﬁle ﬁtting.
Parameters such as zero point error, sample displacement, scale factor, unit cell
parameter, crystallite size, lattice strain, and thermal factor were reﬁned for each
phase to minimize the difference between the experimental and calculated pat-
terns. Since the milling process reduces the particles size down to a few tens of
nanometers, the micro-absorption correction was not necessary to be considered.
The amorphous phase fraction was also estimated by Rietveld analyzing the
XRD proﬁle of a mixture of the as-milled powders and a known amount of fully
crystalline Mo powders (as an internal standard). The standard: powders weight ra-
tio of 10:90 was used for this purpose and the amount of amorphous phase was cal-
culated by using the following equation [29].
Amorphous fractionðwt:%Þ ¼ ð1Ws=WRÞ=ð100WsÞ  104 ð1Þ
where WS is the weight percentage of the internal standard added to the powders
and RS is its concentration estimated by Rietveld reﬁnement of the XRD results.
Finally, to investigate the microstructural features of the as-milled powders, se-
lected powder particles were dispersed in ethanol, dropped down to a copper grid,
and then characterized by a high-resolution transmission electron microscope
(HRTEM, FEI, Tecnai G2 F30).3. Results and discussion
3.1. Structural characterization
Fig. 1a shows the XRD pattern of the as-milled powders at var-
ious milling time. As it can be seen from the ﬁgure, by starting the
milling process, the peaks sharpness and broadening of the starting
materials are reduced and increased, respectively. By progression
of milling, the alloying process is done and the peaks of the initial
materials are vanished in which the Cu and Ti are disappeared fas-
ter than Ni and are completely eliminated after 24 h of milling.
Based on the broadening of the XRD results of the as-milled pow-
ders, particularly 48 h, the development of nano-size structures,
introduction of high amount of lattice strain, and also the existence
of high quantity of amorphous phase are evident. Comparing the
XRD patterns of 48 h and 96 h powders (Fig. 1b), indicated that a
crystallization process occurred during this milling period. During
the milling cycle, by applying the strong extra energy to the al-
loyed powders and possibly temperature increasing and also pow-
der contamination [28], the mechano-crystallization process can
occur, although the exact reason of the phenomenon is not clearly
indicated.
More focus on the XRD results indicated that by increasing the
milling time, due to dissolution of Cu and Ti in the Ni lattice and
consequently solid solution formation, the Ni peaks are displaced
towards lower angles. The variation of Ni lattice parameter with
milling time is shown in Fig. 2. It can be observed that at ﬁrst
stages of milling, because of severe plastic deformation and disor-
dering, the Ni lattice parameter is decreased (which is compatible
with Ref. [30]) and then, owing to dissolution of Cu and especially
Ti in the Ni lattice, it is increased.
Fig. 3 depicts the variation of crystallite size and lattice strain of
the present phases as a function of milling time. As it was expected,
by milling evolution, the nano-crystallization was developed and
the high amount of lattice strain was established. Concerning the
results, the rate of crystallite size reduction and r.m.s microstrain
increasing of primary and ﬁnal phases is reduced by milling
development.
Table 1
The variation of phase content by milling time.
Milling time (h) Weight percentage (wt.%)
Ni Ti Cu B190 B2 Amorphous
1 41 (3) 33 (3) 5 (1) – – 21 (2)
6 37 (3) 14 (2) 4 (0.5) – – 45 (3)
12 14 (2) 3 (0.5) 2 (0.5) 16 (2) 9 (1) 56 (4)
24 4 (0.5) 1 (0.5) – 20 (2) 11 (1) 64 (4)
48 – – – 22 (2) 12 (1) 66 (4)
72 – – – 30 (3) 14 (2) 56 (4)
96 – – – 31 (3) 21 (2) 48 (3)
Error value (X): ±Xwt.%.
Fig. 2. The variation of Ni lattice parameter as a function of milling time. Increasing
in the lattice parameter is attributed to the formation of solid solution.
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ble 1. As can be seen, by starting the milling process, the quan-
tity of elemental powders decreases with different rates in
which Cu and Ti are totally dissolved into the structure after
12 h and 24 h of milling, respectively. Furthermore, the forma-
tion of B190 martensite and B2 austenite phases are indicated.
That is, although the stress-induced martensite (B190) is formed
due to severe plastic deformation induced during milling, the
high temperature B2 phase is also created due to temperature
rising during MA. By comparing the lattice parameter of the B2
phase (3.102 Å) with that of B2 phase created in Ti-50 at.% Ni al-Fig. 3. The variation of (a) crystallite size and (b) lattice stloy systems (3.015 Å) [13,31], the formation of disordered B2
phase, due to dissolution of Cu into the structure is obvious.
According to the XRD results, it is evident that an amorphous
phase is formed at initial milling times and it grew considerably
by progression of milling up to 48 h. On the other hand, by milling
development to 72 h and 96 h, because of mechano-crystallization
of the amorphous phase to the crystalline B190 and B2 phases, its
amount is reduced considerably.
Based on the stoichiometric quantity of the elements in the
crystalline phases and the composition of the powders, the
amount of the elements in the amorphous phase can be esti-
mated. Fig. 4 illustrates the distribution of Ni, Ti and Cu ele-
ments in the amorphous phase at different milling times. Since
the Cu atoms can be randomly dissolved into the Ni lattice with-
out any measurable change in Ni lattice parameter [13,31], the
calculation of the exact amount of the Cu in the amorphous
phase is impractical. Considering the fact, a range of elements
weight fraction (from minimum to maximum) is reported prior
to total dissolution of Ni into the structure. The results shows
that the high fraction of Ti and Cu precursors are dissolved into
the amorphous phase at the initial stages of milling and by mill-
ing progression the amount of Ni in the amorphous phase is in-
creased and after sufﬁcient milling time (e.g. 48 h), the
composition of the amorphous phase reaches the stoichiometricrain of the present crystalline phases by milling time.
Fig. 4. Distribution of alloying elements in the amorphous phase at different
milling times.
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transformation of the amorphous phase to the more stable
phases namely B190 and B2. Comparing the results of Table 1
and Fig. 4 reveals that, at initial milling intervals (up to 48 h),
the B190 and B2 phases are almost produced directly from theFig. 5. SEM micrograph of the as-milled powprimary materials and subsequently created from the amorphous
phase after sufﬁcient milling times (e.g. 72 h and 96 h).
3.2. Microstructural evaluation
3.2.1. SEM observations
Fig. 5 shows the SEM image of the selected as-milled powders.
Concerning the results, in the early stages of milling (e.g. 1 h), due
to high surface energy of ﬁne and ductile particles and conse-
quently the domination of cold welding and agglomeration, the
plate-like morphology with a wide range of particle size is devel-
oped (Fig. 5a). After 6 h of milling, the maximum cold welding
and inhomogeneity in the particle size existed. At this time inter-
vals, a composite lamellar structure of the constituents were
formed and by continuation of milling, the reﬁnement of the lay-
ered structure occurred (Fig. 5b). By milling development, the
coarse particles fracturing as well as ﬁne particles cold welding oc-
curred simultaneously and due to amorphous phase increasing
(indicated by the XRD results), the brittleness of the powders is
raised; consequently the particles size is noticeably reduced and,
their morphology tends to be semi-spherical with the narrow
range of size distribution (Fig. 5c). At ﬁnal stages of milling (e.g.
72 h) because of mechano-crystallization of the amorphous phase,
the ductility of powders is increased; therefore, the cold welding
process overcomes the fracture mechanisms and the powder parti-
cle size increases (Fig. 5d).
3.2.2. TEM studies
Fig. 6 shows the HRTEM and the corresponding selected area
diffraction (SAD) pattern of the powders milled for 96 h. As it can
be clearly seen in the HRTEM image, the structure of the powders
contains a combination of crystalline and amorphous phases con-
ﬁrmed by the continuous polycrystalline rings and amorphous haloders (a) 1 h; (b) 6 h; (c) 24 h; (d) 72 h.
Fig. 6. (a) HRTEM images of 96 h milled powders indicated the amorphous, A, and crystalline, C, parts of the structure; (b) SAD pattern analysis of 96 h milled powders.
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reﬂection rings, the SAD pattern of the 96 h powder was inter-
preted and the results were indicated in Fig. 6b. Based on the re-
sults, although most of the rings are related to the martensite-
B190 structure, the existence of B2 structure is also evident.
4. Conclusions
In the present work, the amorphous/nanocrystalline Ti–41Ni–
9Cu alloys were prepared by mechanical alloying of the elemental
powders and their structural and microstructural properties were
evaluated. According to the results, it can be concluded that:
(1) During the milling cycle, nanocrystallization rapidly
occurred and the high amount of micro-strains and lattice
defects were created.
(2) By milling initiation, the elemental powders were becoming
dissolved into the structure by different rate and a signiﬁ-
cant amount of amorphous phase was formed in addition
to the formation of B190-martensite and B2-austenite
phases.
(3) The formation of supersaturated solid solution of Ti and Cu
in Ni was veriﬁed by increasing the Ni lattice parameter
prior to its complete dissolution.
(4) By milling progression, the amount of the amorphous
phase was increased considerably and after sufﬁcient
milling time, the composition of the amorphous phase
reached at the stoichiometric composition of TiNiCu and
the mechano-crystallization of the amorphous phase
occurred and its amount was reduced by milling
development.
(5) The nanocrystalline B190 and B2 phases was almost cre-
ated directly from the primary materials at initial stages
of milling and subsequently formed from the amorphous
phase after sufﬁcient milling times. That is, the quantity
of the B190 and B2 phases were continuously grown by
milling progression. It was estimated by quantitative
XRD analysis and also conﬁrmed by SAD pattern of
TEM.(6) By milling evolution, the powders morphology was changed
from plate-like to semi-sphere and the average particles size
was initially increased, then reduced, and afterward re-
increased. Moreover, the particles size distribution was
changed from wide to narrow ranges.
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